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Abstract  
An accelerated spatial redundancy-based novel-look-up-table (A-SR-NLUT) method based on a new 
concept of the N-point one-dimensional sub-principal fringe pattern (N-point 1-D sub-PFP) is implemented 
on a graphics processing unit (GPU) for fast calculation of computer-generated holograms (CGHs) of three-
dimensional (3-D) objects. Since the proposed method can generate the N-point two-dimensional (2-D) PFPs 
for CGH calculation from the pre-stored N-point 1-D PFPs, the loading time of the N-point PFPs on the GPU 
can be dramatically reduced, which results in a great increase of the computational speed of the proposed 
method. Experimental results confirm that the average calculation time for one-object point has been reduced 
by 49.6% and 55.4% compared to those of the conventional 2-D SR-NLUT methods for each case of the 2-
point and 3-point SR maps, respectively. 
 
1. Introduction 
Thus far, a number of approaches to generate the 
computer-generated holograms (CGHs) of three-dimensional 
(3-D) objects have been proposed [1-135]. One of them is the 
novel-look-up-table (NLUT) which can greatly enhance the 
computational speed as well as massively reduce the total 
number of pre-calculated interference patterns required for 
CGHs generation of 3-D objects [3].  
In fact, the memory capacity and the calculation time 
have been known as two most challenging issues in the 
NLUT method. For reducing the memory, a new type of 
NLUT based on one-dimensional (1-D) sub-principal fringe 
pattern (1-D sub-PFPs) decomposed from the conventional 
2-D PFPs, which is called 1-D NLUT, has been proposed 
[4]. In this method, the gigabyte (GB) memory of the 
conventional 2-D PFPs-based NLUT, which is called 2-D 
NLUT, could be dropped down to the order of megabyte 
(MB) memory. In addition, for enhancing the computational 
speed, the NLUT method employs various image 
compression methods for removal of both spatially and 
temporally redundant data of 3-D objects and 3-D moving 
scenes [5-8]. Among them, for removing the intra-frame 
redundant data, a spatial redundancy-based NLUT (SR-
NLUT) was proposed [6], in which spatially-redundant 
object data between the adjacent pixels of the 3-D image are 
removed with the run-length encoding (RLE) algorithm, 
then the N-point PFP is applied to the NLUT for CGH 
generation.  
Actually, for practical application of the NLUT methods 
mentioned above, the original NLUT and 1-D NLUT 
algorithms have been attempted to be implemented on field-
programmable-gate-arrays (FPGAs) or graphic-processing-
units (GPUs), respectively [9,10]. However, due to the 
limited bandwidth of the bus between the main memory 
directly connected to the CPU and memories in the GPU, a 
restoring process of the 2-D PFPs from the pre-stored 1-D 
sub-PFPs may deteriorate the computational performance of 
the GPU-based SR-NLUT system. That is, it might be 
practically impossible to transmit a large amount of 2-D 
PFPs data from the host computer to the GPU in real-time. 
GPU-based implementation of an accelerated SR-NLUT 
based on N-point one-dimensio l sub-principal fringe 
patterns in computer-generated holograms
Hee-Min Choi, Seung-Cheol Kim and Eun-Soo Kim
HoloDigilog Human Media Research Center (HoloDigilog), 3D Display Research Center (3DRC), Kwangwoon University, Korea
Abstract
An accelerated spatial r und ncy-based novel-look-up-table (A SR-NLUT) method based on a new concept of the N-point 
one-dimensional sub-principal fringe pattern (N-point 1-D sub-PFP) is implemented on a graphics processing unit (GPU) for 
fast calculation of computer-generated holograms (CGHs) of three-dimensional (3-D) objects. Since the proposed method can 
generate the N-point two-dimensional (2-D) PFPs for CGH calculation from the pre-stored N-point 1-D PFPs, the loading time 
of the N-point PFPs on the GPU can be dramatically reduced, which results in a great increase of the computational speed of 
the proposed method. Experimental results confirm that the average calculation time for one-object point has been reduced by 
49.6% and 55.4% compared to those of the conventional 2-D SR-NLUT methods for each case of the 2-point and 3-point SR 
maps, respectively.
Index Terms: 3D Dis lay
Received 24 August 2014;      Revised 8 September 2014      Accepted 21 September 2014
* Corresponding Author   E-mail: eskim@kw.ac.kr, Tel: +82-10-5235-8834 
This is an Open Access article under the terms of the Creative Commons Attribution (CC-BY-NC) License, which permits 
unrestricted use, distribution and reproduction in any medium, provided that the original work is properly cited. 
Copyright © the Korean Institute of Communications and Information Sciences(KICS), 2014
http://www.ictexpress.org
. I troduction
14
  
Therefore, 
sub-PFP to g
while using t
proposed m
confirming its
the N-point 1
the 1-D sub-
calculation p
these pre-calc
the CGH patt
remarkable re
dramatic enha
be obtained b
sub-PFPs. Ex
and the result
conventional 
calculated obj
 
2. Proposed m
2.1 Conventio
A geometr
pattern of a vo
the location c
by (xp, yp, zp)
associated re
respectively. 
assumed to be
Fig. 1 Geo
Actually, a
planes discre
image plane h
as a collection
NLUT, only 
of the object
plane are pre-
the unity-mag
in this paper, 
reatly acceler
he small mem
ethod is im
 feasibility in
-D sub-PFPs a
PFPs and the
rocess, the N-
ulated N-poin
erns of 3-D o
duction of the
ncement of t
y using this n
periments with
s are compara
NLUT metho
ect points and
ethod 
nal NLUT m
ic structure t
lumetric 3-D 
oordinate of t
, and each obj
al-value mag
The hologram
 positioned on
metry for gen
pattern o
 3-D object c
tely sliced a
aving a speci
 of self-lumin
the 2-D PFPs 
 points locate
calculated and
nitude PFP f
a new type o
ate the CGHs 
ory capacity 
plemented on
 the practical a
re generated b
 RLE algorit
point PFPs ar
t 1-D sub-PFP
bjects are fin
 memory capa
he calculation
ew concept o
 test 3-D obje
tively analyze
ds in terms 
 the calculatio
ethod 
o compute t
object is show
he p-th object
ect point is as
nitude and 
 pattern to be
 the depth pla
erating the Fre
f a 3-D object 
an be treated 
long the z-di
fic depth plan
ous object po
representing t
d on the cent
 stored [3]. H
or the object
f the N-point 
calculation sp
is proposed. 
 the GPU 
pplications. H
y combined us
hm. Then, in
e generated f
s, and with t
ally generate
city as well as
 speed expect
f the N-point 
cts are carried
d with those o
of the numbe
n time. 
he Fresnel fr
n in Fig. 1. H
 point is spec
sumed to hav
phase of αp, 
 calculated is 
ne of z=0 [3].
snel hologram
as a set of im
rection, and 
e is approxim
ints of light. In
he fringe patt
ers of each d
ere, we can de
 point (xp, yp
1-D 
eed 
The 
for 
ere, 
e of 
 the 
rom 
hese 
d. A 
 the 
s to 
1-D 
 out 
f the 
r of 
inge 
ere, 
ified 
e an 
φp, 
also 
 
 
age 
each 
ated 
 the 
erns 
epth 
fine 
, zp) 
pos
Eq. 
(xT
W
whi
the 
of z
The
CG
proc
to g
NLU
exp
PFP
I
Wh
show
patt
add
D o
 
2.2.
F
D S
patt
step
dept
met
map
hav
PFP
calc
conv
the 
sub-
reco
Fig.
itioned on the 
(1). 
 co);, pzy
here the wav
ch λ means the
fringe patterns
p can be obtai
se shifted vers
H pattern for 
ess is carried 
et the final CG
T method, th
ressed in term
s of Eq. (1) as



P
p
ayx
1
),(
ere P denotes 
s that the N
ern of a 3-D o
ing operations
bject.  
 Proposed me
igure 2 shows 
R-NLUT meth
erns for the 3-D
s. In the first s
h data of the 3
hod and they a
 according to 
ing the same 3
s correspondi
ulated by shift
entional 1-D N
3-D object is 
PFPs. In the
nstructed from
 2 Block diagram of th
center of a dep




 s p
p
xx
z
k
e number k 
 free-space w
 for other obje
ned by simply
ions of PFPs a
the depth pla
out for all dep
H pattern of t
e CGH pattern
s of the shifte
 shown in Eq. 
  pp yxxT ,
the number of
LUT may e
bject just by 
 of the PFPs o
thod 
an overall bloc
od for the acce
 object, which
tep, spatial red
-D object is pr
re re-grouped 
the number of 
-D value. In t
ng to the N-p
ing and adding
LUT. In the t
calculated wit
 fourth step, 
 the calculated 
e proposed method for
image
th plane of zp
  2 pyy
is defined as
avelength of th
ct points on th
 shifting the P
re added toge
ne of zp. In 
th planes of t
hat object. Th
 for an object
d versions of 
(2).  
 pp zy ;  
 object points
nable obtain
combination o
n each depth p
k-diagram of t
lerated compu
 is largely com
undancy of th
eprocessed by 
into the N-po
the neighborin
he second step
oint redunda
 the 1-point s
hird step, the C
h this pre-calc
the 3-D obj
CGH pattern. 
r generation of the CG
 
, T(x, y; zp) as




 22 pz
 (1)
 k = 2π/λ, in
e light. Thus,
e depth plane
FP of Eq. (1).
ther to get the
addition, this
he 3-D object
erefore, in the
 I(x, y) can be
pre-calculated
 (2)
. Equation (2)
ing the CGH
f shifting and
lane of the 3-
he proposed 1-
tation of CGH
posed of four
e intensity and
using the RLE
int redundancy
g object points
, N-point sub-
ncy maps are
ub-PFP of the
GH pattern of
ulated N-point
ect image is
H pattern for the 3-D 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. Proposed method
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Fig. 1  Geometry for generating the Fresnel hologram pattern of a 3-D 
object
(1)
2.2. Proposed method
Fig. 2  Block diagram of the proposed method for generation of the 
CGH pattern for the 3-D image
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Fig. 7  SR-maps extracted by horizontal scanning of the test 3-D objects 
with the RLE method
Table 1  Comparison results of the number of object points to be 
calculated
Fig. 8  3-D object images reconstructed from the CGH patterns 
generated with the conventional an  proposed methods
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NLUT methods. That is, the total calculation time decreases 
for the case of N=2, while it increases for the case of N=3. 
By comparing the cases of N=2 and N=3 in the 2-D SR-
NLUT method, the loading time of the PFP is increased by 
62.90ms, even though the hologram generation time is 
decreased by 37.28ms. That is, the loading time for the N-
point PFPs gets larger than the hologram calculation time 
for the reduced object points by removing the redundant 
data of 3-D object. That is, the loading time of the N-point 
2-D PFP may increase if the N number gets increased 
because the number of N-point 2-D PFPs to be loaded on 
the GPU is increased if the N number gets increased. In the 
conventional 2-D NLUT and 2-D SR-NLUT methods, the 
loading time of the PFP on the GPU is composed of a large 
portion of the total calculation time. That is, the loading 
time of the N-point 2-D PFP occupies 57.5% of the total 
calculation time. On the other hand, the pre-processing time 
required for extraction of the spatial redundancy of the 3-D 
object, possess an extremely small portion on the total 
calculation time. That is, the pre-processing time occupies 
only 0.05% in the total calculation time. 
 
Table 2 Calculation time for each of the conventional 2-D NLUT, 2-D SR-NLUT, 1-D 
NLUT and proposed methods 
 
2-D 
NLUT 
2-D 
SR-NLUT 
1-D 
NLUT 
Proposed method
N=1 N=2 N=3 N=1 N=2 N=3 
Di
ce 
CGH 
generati
on time 
(ms) 
422.76 
(53.19
%) 
307.10 
(39.82
%) 
269.82 
(33.86
%) 
427.65 
(98.5
%) 
325.70 
(97.63
%) 
294.82 
(97.03
%) 
Pre-
processi
ng time 
(ms) 
0.34 
(0.04
%) 
0.40 
(0.05
%) 
0.41 
(0.05
%) 
0.34 
(0.08
%) 
0.40 
(0.12
%) 
0.41 
(0.13
%) 
PFP 
loading 
time 
(ms) 
371.65 
(46.76
%) 
463.81 
(60.13
%) 
526.71 
(66.09
%) 
6.18 
(1.42
%) 
7.49 
(2.25
%) 
8.60 
(2.83
%) 
Total 
calculati
on time 
(ms) 
794.75 
(100%
) 
771.31 
(100%
) 
796.94 
(100%
) 
434.17 
(100%
) 
333.59 
(100%
) 
303.83 
(100%
) 
C
ar 
CGH 
generati
on time 
(ms) 
431.54 
(54.48
%) 
378.43 
(42.93
%) 
366.10 
(37.08
%) 
430.57 
(98.52
%) 
388.66 
(97.8
%) 
381.39 
(97.47
%) 
Pre-
processi
ng time 
(ms) 
0.33 
(0.04
%) 
0.44 
(0.05
%) 
0.44 
(0.04
%) 
0.32 
(0.07
%) 
0.43 
(0.11
%) 
0.44 
(0.11
%) 
PFP 
loading 
time 
(ms) 
360.3 
(45.48
%) 
502.73 
(57.02
%) 
620.79 
(62.88
%) 
6.17 
(1.41
%) 
8.31 
(2.09
%) 
9.47 
(2.42
%) 
Total 
calculati
on time 
(ms) 
792.17 
(100%
) 
881.60 
(100%
) 
987.33 
(100%
) 
437.06 
(100%
) 
397.40 
(100%
) 
391.30 
(100%
) 
H
ou
se 
an
d 
ca
r 
CGH 
generati
on time 
(ms) 
436.14 
(84.2
%) 
359.60 
(73.62
%) 
329.25 
(66.45
%) 
446.44 
(99.2
%) 
357.34 
(98.73
%) 
331.03 
(98.36
%) 
Pre-
processi
ng time 
(ms) 
0.33 
(0.06
%) 
0.40 
(0.08
%) 
0.42 
(0.08
%) 
0.34 
(0.08
%) 
0.38 
(0.1%)
0.41 
(0.12
%) 
PFP 
loading 
time 
(ms) 
81.54 
(15.74
%) 
128.44 
(26.3
%) 
165.81 
(33.46
%) 
3.28 
(0.73
%) 
4.21 
(1.16
%) 
5.11 
(1.52
%) 
Total 
calculati
on time 
(ms) 
518.01 
(100%
) 
488.44 
(100%
) 
495.48 
(100%
) 
450.06 
(100%
) 
361.93 
(100%
) 
336.55 
(100%
) 
 
That is, the numbers of PFPs in the 1-D methods are 
same with those of the 2-D methods, but the memory sizes 
of each N-point PFP in the 1-D methods are extremely 
small compared to those of the 2-D methods. Therefore, the 
loading time of the N-point 1-D sub-PFPs occupied only 2.2% 
in the total calculation time. And then, the total calculation 
times becomes 434.17ms, 333.59ms and 303.83ms for each 
case of the 1-D NLUT and proposed methods (2 and 3-point 
cases), respectively. By comparing the cases of N=2 and 
N=3 in the proposed methods, the loading time of the PFP is 
increased by only 1.11ms even though the CGH generation 
time is decreased by 30.88ms. That is, the total calculation 
time has been decreased just by removing the spatially 
redundant data of the 3-D object. On the other hand, the 
pre-processing time occupies 0.11% in the total calculation 
time in the 1-D NLUT methods. 
In the same way, in case of ‘Car’ the loading time of the 
PFP gets decreased from 454.06ms to 7.42ms by applying 
the N-point 1-D sub-PFPs. Therefore, the total calculation 
time is given by 792.17ms, 881.60ms and 987.33ms in the 
2-D NLUT and 2-D SR-NLUT (2- and 3-points cases) 
methods, respectively. That is, the total calculation time is 
increased despite the spatially redundant data of the 3-D 
object gets removed. However, the total calculation time is 
given by 437.06ms, 397.40ms and 391.30ms in the 1-D 
NLUT and proposed (2- and 3-points cases) methods, 
respectively. That is, the total calculation time has been 
decreased by removing the spatially redundant data of the 
3-D object. 
Likewise, in case of ‘House and car’ object, the loading 
time of the PFP is decreased from 125.26ms to 4.20ms by 
applying the N-point 1-D sub-PFP. The loading time of this 
case is very small compare to other cases because only 49, 
77 and 101 PFPs are loaded for the case of N=1, 2 and 3, 
respectively, because the ‘House and Car’ object has only 
49 depth layers in all 3-D object. The total calculation time 
is given by 518.01ms, 488.44ms and 495.48ms in the 2-D 
NLUT and 2-D SR-NLUT (2- and 3-points cases) methods, 
respectively. However, the total calculation time is given by 
Table 2  Calculation time for each of the conventional 2-D NLUT, 2-D SR-
NLUT, 1-D NLUT and pro osed meth s
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450.06ms, 361.93ms and 336.55ms in the 1-D NLUT and 
proposed (2- and 3-points cases) methods, respectively. 
Table 3 shows the average calculation time for one-object 
point in the conventional 2-D NLUT, 2-D SR-NLUT, 1-D 
NLUT and proposed methods, respectively. As seen in 
Table 3, in case of ‘Dice’ object, the average calculation 
time for one-object point is given by 51.89μs, 50.36μs and 
52.03μs in the conventional 2-D NLUT and 2-D SR-NLUT 
(2- and 3-points cases) methods, respectively. That is, the 
average calculation time for one-object point for the case of 
N=2 is reduced by 2.9% compared to that of the 2-D NLUT 
method. However, the average calculation time for one-
object point for the case of N=3 is increased by 0.3% and 
3.2% compared to those of the 2-D NLUT and 2-D SR-
NLUT (N=2) methods. That is, as mentioned above, the 
loading time for the N-point PFPs gets larger than the CGH 
calculation time for the reduced object point by removing 
the redundant data of the 3-D object. 
Table 3 Average calculation time and required memory space for 
one-object point in each case of the conventional 2-D NLUT, 2-D 
SR-NLUT, 1-D NLUT and proposed methods 
 
2-D 
NLUT 2-D SR-NLUT 
1-D 
NLUT Proposed method 
N=1 N=2 N=3 N=1 N=2 N=3 
Dice 
51.89 
μs 
(100%) 
50.36 μs 
(97.1%) 
52.03 μs 
(100.3%
) 
28.35 
μs 
(54.6%) 
21.78 
μs 
(42.0%)
19.84 
μs 
(38.2%)
Car 
50.69 
μs 
(100%) 
56.42 μs 
(111.3%
) 
63.18 μs 
(124.6%
) 
27.97 
μs 
(55.2%) 
25.43 
μs 
(50.2%)
25.04 
μs 
(49.4%)
Hous
e and 
car 
29.26 
μs 
(100%) 
27.59 μs 
(94.3%) 
27.99 μs 
(95.7%)
25.42 
μs 
(86.9%) 
20.44 
μs 
(69.9%)
19.01 
μs 
(65.0%)
Aver
age 
calcu
latio
n 
time 
43.95 
μs 
(100%) 
44.79 μs 
(101.9%
) 
47.73 μs 
(108.6%
) 
27.24 
μs 
(62.0%) 
22.55 
μs 
(51.3%)
21.29 
μs 
(48.5%)
Requ
ired 
mem
ory 
1.33GB 
(100%) 
2.66GB 
(200%) 
3.99GB 
(300%) 
1.38MB 
(0.1%) 
2.75MB 
(0.2%) 
4.13MB 
(0.3%) 
 
By comparison with the 2-D NLUT and 2-D SR-NLUT 
methods, the conventional 1-D NLUT and 1-D SR-NLUT 
methods need smaller loading times. As shown in table 3, in 
case of ‘dice’, the average calculation time for one-object 
point is given by 28.35μs, 21.78μs and 19.84μs in the 
conventional 1-D NLUT and 1-D SR-NLUT methods. That 
is, the average calculation time for one-object point is 
reduced by 45.4%, 58.0% and 61.8% compared to those of 
the 2-D NLUT method, respectively.  
In the same way, in case of ‘Car’ object, average 
calculation time for one-object point is given by 50.69μs, 
56.42μs and 63.18μs in the conventional 2-D NLUT and 2-
D SR-NLUT methods, respectively. That is, the average 
calculation time for one-object point is increased in spite of 
removing the spatially redundant data of 3-D object. 
However, the average calculation time for one-object point 
is given by 27.97μs, 25.43μs and 25.04μs in the 
conventional 1-D NLUT and proposed methods, 
respectively. That is, the average calculation time for one-
object point is reduced by 44.8%, 54.9% and 60.4% 
compared to each of the 2-D methods, respectively, by 
replacing the N-point 2-D PFPs into the N-point 1-D sub-
PFPs. 
Likewise, in case of ‘House and car’ object, the average 
calculation time for one-object point is given by 29.26μs, 
27.59μs and 27.99μs in the conventional 2-D NLUT and 2-
D SR-NLUT methods, respectively. However, the average 
calculation time for one-object point is given by 25.42μs, 
20.44μs and 19.01μs in the conventional 1-D NLUT and 
proposed methods, respectively. That is, the average 
calculation time for one-object point is reduced by 13.1%, 
25.9% and 32.1% compared to each of the 2-D methods, 
respectively, by replacing the N-point 2-D PFPs into the N-
point 1-D sub-PFPs. 
Thus, the average calculation time for one-object point 
for all three cases is given by 43.95μs, 44.79μs, 47.73μs, 
27.24μs, 22.55μs and 21.29μs in the conventional 2-D 
NLUT, 2-D SR-NLUT (N=2, 3), 1-D NLUT and proposed 
methods (N=2, 3), respectively. That is, the average 
calculation time for one-object point is reduced by 38.0%, 
49.6% and 55.4% compared to each of the 2-D methods, 
respectively by replacing the N-point 2-D PFPs into the N-
point 1-D sub-PFPs. 
In addition, the memory capacities required in the 
conventional 2-D NLUT, 2-D SR-NLUT and 1-D NLUT 
methods as well as the proposed method are also calculated. 
As seen in Table 3, the total memory size required for 
storing all N-point PFPs of the 3-D image volume of 300 × 
300 × 256 pixels in the conventional 2-D NLUT and 2-D 
SR-NLUT methods are calculated to be 1.33GB, 2.66GB 
and 3.99GB, respectively, in which image data for one PFP 
is assumed to be 5.32MB (= 2820×1980×8bit). For 1-D 
NLUT and proposed methods, only two sets of N-point 1-D 
sub-PFPs are needed, therefore, the total memory size 
required for storing all N-point sub-PFPs are calculated to 
be 1.38MB, 2.75MB and 4.13MB for the 1-D NLUT and 
proposed methods, respectively. In other words, the 
proposed method only uses 0.2%, 0.3% of the memory 
volume of the conventional 2-D NLUT method for each 
Tabl  3 Avera e calculation ti e and required memory space for one-
object point in each case of the conventional 2-D NLUT, 2-D SR-NLUT, 1-D 
NLUT and proposed methods
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case of the 2, 3-point SR maps, respectively. Therefore, the 
loading time of the N-point PFPs can be dramatically 
reduced compared to those of the conventional 2-D NLUT 
and 2-D SR-NLUT methods. 
 
4. Conclusion 
 
In this paper, a novel approach to massively reduce the 
memory capacity as well as to dramatically reduce the 
calculation time of the conventional NLUT method has 
been proposed by combined use of the 1-D sub-PFP and the 
spatial redundancy of the 3-D object for its GPU-based 
implementation. Experiments with three types of test 3-D 
objects confirm that the average calculation times for one-
object point of the proposed method have been reduced by 
49.6% and 55.4% compared to those of the 2-D SR-NLUT 
methods for each case of the 2, 3-point SR maps. In 
addition, the proposed method has been found to use only 
0.2% and 0.3% of the memory volume of the conventional 
2-D NLUT method for each case of the 2-point and 3-point 
SR maps.  
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